Prior findings indicate that adolescent rats exhibit difficulty using negative occasion setters to guide behavior compared to adult rats (Meyer and Bucci, 2014) . Here, additional groups of juvenile rats were trained in the same negative occasion setting procedure to further define the development of negative occasion setting. Beginning on either postnatal day (PND) 30, 40, or 50, rats received daily training sessions in which a tone was paired with food reinforcement on some trials, while on other trials a light preceded the tone and no reinforcement was delivered. We found that rats that began training on PND 50 required 10 training sessions to discriminate between the two types of trials, consistent with prior findings with young adult rats. Interestingly, rats in the PND 30 group (pre-adolescents) also required just 10 training sessions, in stark contrast to adolescent rats that began training on PND 35 (adolescents) and required 18 sessions (Meyer and Bucci, 2014) . Rats that began training on PND 40 (adolescents) also required more sessions than the PND 30 group. These data indicate that the development of negative occasion setting is non-linear and have direct bearing on understanding the behavioral and neural substrates that underlie suboptimal behavioral control in adolescents.
Introduction
An occasion setter is a cue that provides information that resolves the ambiguity of another stimulus and modulates behavior that is directed to it (Pavlov, 1927; Skinner, 1938; Holland, 1992; Bouton, 2006) . In the case of a negative occasion setter, the cue indicates that the response to another stimulus should be withheld. In this way, negative occasion setters have direct bearing on adaptive behavior in that they indicate the conditions under which a response will not be associated with an anticipated outcome and should be inhibited. Importantly, negative occasion setting reflects a form of learning that is not readily accounted for by standard models of associative learning (e.g., Rescorla and Wagner, 1972) . Indeed, there are currently several different theories that have been proposed to explain negative occasion setting (e.g., Holland, 1992; Rescorla, 1985; Holland and Coldwell, 1993; Bouton and Nelson, 1994; Bouton, 1997; Bonardi et al., 2012) . Moreover, only a few studies have considered the brain systems that support negative occasion setting or the ontogeny of this form of learning.
We recently began to address the latter issue by training adult and adolescent rats in a serial feature negative discrimination pro-cedure that produces negative occasion setting (Holland et al., 1999) . Beginning on either postnatal day (PND) 35 (adolescent group) or PND 70 (adult group), rats received daily training sessions consisting of two trial types. On reinforced trials, a 'target' stimulus (a tone) was presented by itself and immediately followed by delivery of food reinforcement. On non-reinforced trials, a light (the 'feature' stimulus) was presented before the tone and on those trials no food was delivered. After 10 daily sessions, adult rats approached the food cup during presentation of the tone significantly more on trials when it was presented alone, compared to trials when it was preceded by the light (Meyer and Bucci, 2014) , consistent with prior studies using normal adults rats and the same procedures (Holland et al., 1999; MacLeod et al., 2006 . In comparison, the adolescent group required almost twice as many (∼18) sessions to successfully discriminate between the two trial types (Meyer and Bucci, 2014) . Further, we demonstrated that adolescents could in fact learn the dual meaning of the tone in as few sessions as adults, but were unable to express that learning until they reached ∼53 days old. Interestingly, that age corresponds to the time at which the prefrontal cortex (PFC) is thought to be fully mature in rats (Newman and McGaughy, 2011) , suggesting that PFC is necessary for successful negative occasion setting. Indeed, we have also found that lesioning the PFC of adult rats impairs negative occasion setting in that rats could not discriminate between the two types of trials .
In the present study, we trained additional groups of juvenile rats to further investigate the ontogeny of negative occasion setting. One group began training beginning on PND 30 (i.e., preadolescence) (Rice and Barone, 2000) , which is earlier than the adolescent group in our prior study. We hypothesized that if a fully mature PFC is necessary and sufficient to exhibit negative occasion setting, then the PND 30 group would require at least as many training sessions to exhibit negative occasion setting as rats that began training on PND 35 in our prior study (18 sessions) (Meyer and Bucci, 2014) , suggestive of a linear development of inhibitory-related behavior and functionality of PFC (Casey et al., 2000; May et al., 2004; Blakemore and Choudhury, 2006; Galvan et al., 2006 ). An alternative outcome was that the PND 30 group would exhibit adult-like performance and discriminate between the two trials types after only ∼10 sessions. That would be consistent with the alternate theory that certain types of behavior instead develop in a non-linear fashion. Indeed, Casey and others have posited that the differential development of top-down control systems and subcortical reward areas results in a functional imbalance that affects behavioral control specifically during adolescence (Ernst et al., 2006; Casey et al., 2008a,b; Steinberg, 2008; Mills et al., 2014) . The development of PFC lags behind the development of regions such as the nucleus accumbens (NAC) during adolescence and accordingly, activity is disproportionately higher in NAC than PFC during adolescence compared to either childhood or adulthood (Casey et al., 2008a,b; Mills et al., 2014; Sowell et al., 1999; Lewis, 1994, 1995; Laviola et al., 1999) . If this were the case, then rats that began training prior to adolescence (i.e., the PND 30 group) would be expected to be comparable to adults with regard to the number of sessions that are required to exhibit negative occasion setting. In addition, we included a group of rats that began training on PND 50 and predicted that they would exhibit discrimination after ∼10 sessions, as shown previously (Meyer and Bucci, 2014) because the balance between PFC and NAC is purportedly resolved by that age. We also included a group of rats that began training on PND 40. Since this group began training as adolescents, like the PND 35 group in our prior study, we expected that they would require more sessions than the PND 50 group but fewer than the PND 35 group in our prior study. This latter prediction was made because rats in the PND 40 group would reach 53 days of age (i.e., maturation of PFC) after fewer training sessions than the PND 35 group.
Materials and methods

Subjects
Male Long Evans rats (n = 36) were obtained from Harlan Laboratories (Indianapolis, IN). Rats were weaned from their dam on PND 21, and were shipped and received on the same day. Rats were housed individually with free access to water at all times during the study. Food (2014 Teklad Global 14% Protein Rodent Maintenance Diet, Harlan Laboratories) was available ad libitum up until four days prior to the first day of training. Rats were handled and weighed daily during the week prior to behavioral training and body weights were gradually reduced over a four day period to 85% of the daily weight of free-feeding age-matched control rats. All groups remained food restricted until completion of behavioral training, with supplemental rat chow provided after each daily session to maintain the target weight. The colony room was maintained on a 14:10-h light-dark cycle and rats were monitored and cared for in compliance with the Association for Assessment and Accreditation of Laboratory Animal Care guidelines and the Dartmouth College Institutional Animal Care and Use Committee.
Behavioral apparatus
Behavioral procedures took place in standard conditioning chambers (24 × 30.5 × 29 cm; Med Associates) constructed of aluminum front and back walls, clear acrylic sides and top, and grid floors. Each chamber was outfitted with a dimly illuminated food cup recessed in the center of the front wall, a 2.8-W white panel light located 5 cm above the opening to the food cup, and a speaker located 15 cm above and to the right of the food cup, used to present the 1500 Hz, 78 dB auditory stimulus. Each chamber was enclosed in a sound-attenuating cubicle (62 × 56 × 56 cm) with an exhaust fan to provide airflow and background noise (∼68 dB) and a red house-light (mounted on the ceiling) to provide background illumination. Delivery of two 45-mg grain-based food pellets (Bio-serv) served as the unconditioned stimulus. Each chamber was equipped with a pair of infrared photocells located across the entrance to the food cup to monitor entries into the cup and connected to a PCclone computer. The cubicles also contained surveillance cameras used to monitor the rats during behavioral training.
Behavioral procedure
At the start of every training session rats were weighed and moved in plastic transporters from the colony room to the conditioning chambers. Rats were first trained to eat from the food cup during a single 64 min session in which 45 mg food pellets were randomly delivered 16 times (average intertrial interval (ITI) of 4 min; ranging from 2.5 to 5.5 min). Subsequently, behavioral training in the negative occasion setting paradigm consisted of daily 68-min sessions with four reinforced and 12 non-reinforced trials. During reinforced trials the tone was presented for 5 s and followed immediately by the delivery of two food pellets. Rats received a total of ∼0.36 g of food pellet reinforcer per session. On non-reinforced trials, the panel light was presented for 5 s, followed by a 5-s empty period, and then a 5-s presentation of the tone, after which no food was delivered. The two trial types occurred randomly during each session and the presentation order along with the inter-trial intervals varied daily (average ITI of 4 min, ranging from 2.5 to 5.5 min). Rats began training on PND 30 (n = 12), PND 40 (n = 12) or PND 50 (n = 12) and continued training for 16 daily sessions.
Data analyses
The primary variable of interest was the number of sessions that were required until rats exhibited successful discrimination between reinforced and non-reinforced presentations of the tone. To assess this, the amount of time that the infrared photobeam located across the entry of the food cup was broken during the presentation of the tone was recorded during each trial. These data were averaged across rats in each group for each trial type and training session. The difference in responding between trial types was obtained by subtracting the time spent in the food cup during the tone on non-reinforced trials from the time spent in the food cup during the tone on reinforced trials. Z-scores were calculated by dividing that result by the SEM of the difference in responding across all rats in a group. Successful discrimination between the two trial types was defined as a greater amount of time spent in the food cup during presentation of the tone on reinforced trials than during non-reinforced trials (a Z-score of at least 2.325, P < 0.01) for 3 consecutive daily sessions, as in prior studies (Meyer and Bucci, 2014; Meyer et al., 2015) .
To test for potential age-related differences in overall levels of conditioned responding, the amount of time spent in the food cup during the presentation of the tone on reinforced and nonreinforced trial types was compared between the three age groups across all training sessions. These data were subjected to a repeated measures ANOVA with age as the between subjects factor and session and trial type as within subjects factors.
To test for potential age-related differences in baseline responding, the amount of time spent with the head in the food cup was assessed during the 5-s period immediately before any stimuli were presented (Pre-CS period). Food cup behavior during this epoch was calculated for each rat during each trial type, collapsed across sessions and subjected to a one-way multivariate ANOVA.
Finally, to test for differences in motivation, food cup responding immediately after food was delivered (Post-CS period) was assessed. These data were collapsed across sessions and subjected to a one-way ANOVA. All significant ANOVAs were decomposed with appropriate pair-wise comparisons using an alpha level of 0.05. All analyses were carried out using SPSS and R statistical packages.
Results
Number of sessions to reach criterion for discrimination
The amount of time spent with the snout inside the food cup during presentation of the tone on each of the two trial types is presented in Fig. 1 . Rats that began training on PND 50 required 10 sessions (Z = 3.42, p < 0.0005) to discriminate between the reinforced and non-reinforced trials, replicating our prior finding (Meyer and Bucci, 2014) . Interestingly, rats that began training on PND 30 also required just 10 sessions to exhibit negative occasion setting (Z = 2.63, p < 0.005). In comparison, adolescent rats that began training on PND 40 required 12 sessions (Z = 3.05, p < 0.005) to discriminate between the trial types.
Overall conditioned responding
An analysis of time spent in the food cup during presentation of the tone revealed that responding during reinforced trials was significantly higher than during non-reinforced trials [main effect of trial type; F(1, 33) = 66.71, p < 0.001]. An interaction between trial type and session confirmed that rats were able to learn to differentiate responding based on trial type across training [F(15, 495) = 13.56, p < 0.001]. However a lack of interaction between age and trial type [F(2, 33) = 1.31, p > 0.2] as well as age, trial type and session [F(30, 495) = 1.45, p > 0.1] suggests that all rats exhibited a comparable magnitude of discrimination between trial types (Fig. 2) . A main effect of session [F(15, 495) = 23.32, p < 0.001] indicated an increase in conditioned responding across training. In addition, a significant interaction between session and age [F(30, 495) = 2.13, p < 0.005] revealed that rats that began training on PND 50 reached higher levels of responding sooner than rats that began training on either PND 40 or PND 30. This was accompanied by significantly higher overall levels of conditioned responding between subjects [F(2, 33) = 3.67, p < 0.05]. Post hoc comparisons using the Fisher LSD test revealed group PND 50 spent more time in the food cup overall than group PND 40 (p < 0.05) and group PND 30 (p < 0.05), but the latter two groups did not differ (p > 0.8).
Pre-CS responding
The amount of food cup behavior exhibited during the 5-s epoch prior to the start of a trial (Pre-CS) was very low and did not differ between the three age groups [F(4, 64) = 0.19, p > 0.9]. The average time spent in the food cup during this period on reinforced trials was 0.66 ± 0.13 s for PND 30 rats, 0.61 ± 0.07 s for PND 40 rats, and 0.63 ± 0.12 s for PND 50 rats and on non-reinforced trials was 0.60 ± 0.11 s for PND 30 rats, 0.52 ± 0.06 s for PND 40 rats, and 0.55 ± 0.08 s for PND 50 rats. 
Post-CS responding
Responding immediately after termination of the tone on reinforced trials (coincident with food delivery) differed between age groups [F(2, 33) = 7.07, p < 0.005]. Follow-up analyses revealed this effect was due to lower levels of Post-CS responding by PND 30 rats (3.8 ± 0.30 s) than PND 40 rats [4.6 ± 0.11 s; t(22) = −2.5, p < 0.03] as well as PND 50 rats [4.8 ± 0.12 s; t(22) = −3.0, p < 0.01]. However, PND 40 rats did not differ from PND 50 rats [t(22) = −1.2, p > 0.2]. Importantly, satiety is unlikely to account for differences in Post-CS responding because all rats consumed all food pellets delivered in each session. Days to discriminaƟon criterion Age Fig. 3 . A summary of the number of sessions required to discriminate between reinforced and non-reinforced trials in the present experiment (rats that began training on postnatal day (PND) 30, 40 or 50) as well as previously published findings (rats that began training on PND 35 or 70; (Meyer and Bucci, 2014) ). Dotted line emphasizes the comparable performance of rats that began training as adults or pre-adolescents.
Discussion
A primary goal of the present study was to determine if the development of negative occasion setting is linear or nonlinear across development. To that end, juvenile rats began training in a negative occasion setting procedure either on PND 30 (pre-adolescents), PND 40 (adolescents), or PND 50 (lateadolescents/young adults). As in our prior study (Meyer and Bucci, 2014) , we found that rats in the PND 50 group required 10 sessions to successfully discriminate between reinforced and nonreinforced presentations of the target cue, like fully-adult rats that started training on PND 70 (Meyer and Bucci, 2014) . Interestingly, we found that the PND 30 group likewise required only 10 sessions to discriminate, which stands in marked contrast to our prior finding that rats that began training on PND 35 required 18 sessions to successfully discriminate between the trial types (Meyer and Bucci, 2014) , as illustrated in Fig. 3 . This demonstrates that the development of negative occasion setting is non-linear, consistent with current models that maintain that adolescence is a unique period of development compared to either pre-adolescence or adulthood (Casey et al., 2008a,b; Mills et al., 2014) .
Importantly, in the present experiment, food cup behavior prior to stimulus onset was equivalent across all groups, indicating that there were no age-related differences in the motivational significance of the food cup. PND 30 rats did exhibit lower levels of food cup behavior after food was delivered (Post-CS) compared to both PND 40 and PND 50 rats. However, because these rats still discrim-inated in 10 sessions, it is unlikely that these levels of responding reflect differences in motivation to obtain food. We did observe that conditioned responding (i.e., time spent in the food cup during the tone) reached higher levels in group PND 50 than either group PND 30 or group PND 40. However, it is unlikely that this difference contributed to the adolescent delay in withholding responding. Indeed, rats in group PND 30 learned the discrimination in the same amount of training (10 sessions) as rats in group PND 50, despite having lower levels of conditioned responding comparable to rats in group PND 40. Furthermore, no age differences were observed in the magnitude of the difference in responding during the tone on reinforced compared to non-reinforced trials. This indicates that despite differences in overall levels of conditioned responding, rats in all groups were able to discriminate between trial types to the same extent.
Contemporary research regarding adolescence has suggested that the non-linearity of adolescent behavioral phenotypes is thought to reflect an imbalance in activity in subcortical reward regions and top-down control regions that exists specifically during adolescence (Galvan et al., 2006; Casey et al., 2008a Casey et al., ,b, 2005 Mills et al., 2014; Sowell et al., 1999; Lewis, 1994, 1995; Laviola et al., 1999; . In particular, there is evidence that subcortical regions, such as NAC, attain functional maturity during adolescence (May et al., 2004; Galvan et al., 2006; Bjork et al., 2004; Ernst et al., 2005) , whereas both structural and functional maturation of PFC lags behind during this period (Huttenlocher, 1979; Bourgeois et al., 1994; Giedd et al., 1999; Luna et al., 2001; Sowell et al., 2003) . In contrast, in both pre-adolescents and adults, there is a relative balance between NAC and PFC activity, with both regions being mature in adults and both regions being immature in pre-adolescents (Galvan et al., 2006; Casey et al., 2008a Casey et al., ,b, 2010 Spear, 2000) . Consistent with this imbalance hypothesis, the continued structural and functional development of frontostriatal circuitry in humans (Sowell et al., 1999; Casey et al., 2005) and animals Lewis, 1994, 1995; Laviola et al., 1999) has been implicated in establishing the efficiency of cognitive control (Galvan et al., 2006; Luna et al., 2001; Rubia et al., 2000; Luna and Sweeney, 2004; Liston et al., 2006; Fareri et al., 2008; Somerville et al., 2011) . Because negative occasion setting follows a similar non-linear developmental trajectory, it may be that the difficulty using negative occasion setters in adolescence likewise may result from this imbalance. A balance in PFC/NAC activity may thus be necessary for rats to express negative occasion setting.
The present results are also consistent with fear conditioning data that reveal a similar non-linear development of the ability to express contextual-fear memories. In particular, adolescent mice exhibited very little fear when returned to a context that had previously been paired with footshock, compared to either preadolescent or adult mice (Pattwell et al., 2011) . Moreover, the pre-adolescent and adult mice exhibited comparable levels of contextual fear responses (Pattwell et al., 2011) . These results are particularly relevant given that contextual stimuli are thought to be occasion setters in that they indicate the environmental conditions under which another stimulus will be reinforced (or not) . In addition, the extinction of cued fear also develops in a non-linear fashion. Specifically, compared to either younger or older mice, adolescents exhibited attenuated extinction of freezing behavior when a discrete stimulus was no longer paired with foot-shock, (Pattwell et al., 2012; McCallum et al., 2010) . This pattern was associated with blunted neural responses in ventromedial prefrontal subregions in adolescent mice compared to other ages (Pattwell et al., 2012) , consistent with evidence that extinction learning requires top-down prefrontal control of subcortical limbic regions (Morgan et al., 1993; LeDoux, 2000; Maren and Quirk, 2004) . Importantly, extinction involves acquiring a sec-ondary inhibitory meaning about an initially excitatory cue. Thus, these data are also informative for negative occasion setting, in which the target has been suggested to acquire both excitatory and inhibitory associations with the unconditioned stimulus Nelson, 1994, 1998; Bouton, 1997 ).
An additional finding in the present study was that rats that began training on PND 40 exhibited discrimination in 12 sessions. Like the PND 35 group in our prior study, these rats also began training as adolescents; thus, the purported imbalance in activity between NAC and PFC would supposedly be present in both groups. Nonetheless, the PND 40 group exhibited negative occasion setting after only 12 sessions, compared to the 18 sessions required by the PND 35 group (Fig. 3) . Interestingly, this is exactly what would be expected if the expression of negative occasion setting was dependent on the full maturation of PFC to offset the increase in NAC activity during this stage of development. Indeed, we found previously that rats that began training on PND 35 began to exhibit discrimination when they were 53 days old (i.e., after 18 training sessions), which corresponds to the age at which PFC is thought to reach functional maturity (Newman and McGaughy, 2011) . Because rats in the PND 40 group began training when they were 5 days older than rats in the PND 35 group, they would reach 53 days old after ∼12-13 sessions. Thus, perhaps it is not surprising that rats in the PND 40 group required 12 sessions to successfully discriminate between the reinforced and non-reinforced presentations of the tone and exhibit negative occasion setting. The functional maturation of PFC at ∼PND53 may also explain why the same amount of daily sessions were required for rats beginning training on either PND 50 or PND 70 (Figs. 1 C and 3 ; (Meyer and Bucci, 2014) ).
The importance of PFC for negative occasion setting is supported by substantial prior research. Indeed, PFC has a well-established role in executive functioning, including inhibition (Casey et al., 2000; Iversen and Mishkin, 1970; Guitton et al., 1985; Diamond, 1990; Sweeney et al., 1996; Hikosaka and Watanabe, 2000; Cardinal et al., 2004; Cetin et al., 2004; McClure et al., 2004; Cox et al., 2005; Galvan et al., 2005; Hosokawa et al., 2005; Williams et al., 1999) . Furthermore, compared to adults, adolescents recruit more diffuse prefrontal regions when performing inhibition and executive control tasks and brain activity in regions that correlate with cognitive performance becomes more fine-tuned with age (Casey et al., 2000; May et al., 2004; Blakemore and Choudhury, 2006; Galvan et al., 2006) . Importantly, our laboratory has previously shown that PFC is necessary for negative occasion setting in adults .
The efficient detection of environmental cues that indicate whether a response is appropriate or whether it should be inhibited is essential for adaptive behavior and behavioral control. Much research has focused on the so-called 'stop signal', which is a cue that is presented after a 'go' signal, indicating that a response should be interrupted or aborted (e.g. as in Stop-Signal Reaction Time [SSRT] tasks) (Williams et al., 1999; Aron and Poldrack, 2005; Newhouse, 2004, 2008; Eagle and Robbins, 2003; Eagle et al., 2008) . This form of behavioral control is referred to as reactive inhibition. Conversely, proactive inhibition refers to preparing to stop an upcoming response tendency (Aron, 2011) . Less research has focused on types of proactive cues (i.e., negative occasion setters) that signal whether or not a response should be initiated in the first place (versus aborting one already in progress). Yet, contemporary literature has begun to emphasize the wider validity of proactive control with regard to modeling the inhibition of inappropriate behavior (Aron, 2011) . Furthermore, emerging evidence indicates that using occasion setters is a critical feature of inhibitory control Munakata et al., 2012; Swick and Chatham, 2014; Chevalier et al., 2014; Winter and Sheridan, 2014) . Indeed, learning to use negative occasion setters is integral for resolving the ambiguity encountered in daily life, where the occurrence of an anticipated outcome depends on the context in which the cue occurs . The flexible form of learning reflected by negative occasion setting is pertinent across the lifespan, but is particularly relevant during adolescence, when individuals are encountering a number of new environments and learning about the subtleties that confer which aspects of these environments are most useful in informing behavior. Paradoxically, the present data suggest that adolescents in particular may experience difficulties mediating ambiguity compared to other ages. This may contribute to a number of behavioral phenotypes that predominate during this period of development, including maladaptive tendencies such as heightened risk taking behavior compared to any other age group (Steinberg, 2008) .
Another intriguing aspect of the present results is that rats in the PND 30 group were able to exhibit discrimination after 10 training session, despite the fact that this length of training partly overlaps with that of the PND 35 group, which instead required 18 sessions to discriminate (Meyer and Bucci, 2014) . One explanation for this is that the learning that occurs during first few training sessions may be particularly critical for subsequent performance. For example, perhaps differences in the way that information is encoded in the first five sessions can contribute to the later efficiency of expressing inhibition in subsequent (∼10) sessions. This is consistent with previous evidence suggesting that 35 day old rats are able to learn about the contingencies presented in the negative occasion setting paradigm in as few as six sessions, despite not being able to express this learning until 18 sessions (Meyer and Bucci, 2014) . It may be that the processes required for translation of this initial learning into differential responding between trial types is influenced by age, and specifically, is disrupted during adolescence.
Conclusions
Together with our prior findings (Meyer and Bucci, 2014) , the results of the present study indicate that the development of negative occasion setting is non-linear and confirms that adolescent rats experience difficulties using negative occasion setters to withhold a behavioral response. These findings may also provide insight into the neural substrates underlying the maturation of behavioral control. Indeed, our results are consistent with contemporary models that attribute adolescent-specific behavior to the differential development of subcortical systems implicated in incentive and emotional processing, and top-down control systems involved in behavioral control. Finally, our results have further implications for the nature of behavioral phenotypes canonical to the adolescent period. Indeed, learning about occasion setters enables an individual to categorize and retain multiple incongruent experiences with stimuli and helps to adapt expectations and responses to the present environment. Thus, difficulties inhibiting behavior may be exacerbated by an inability to use occasion setters, including contextual cues, to determine the appropriate course of action.
